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Translational Relevance (120-150 words)
Drug development in oncology remains resource intensive with a continual high failure rate. An accurate prior stratification of patients is clearly needed, while monitoring tumor response to targeted drugs is critical. Tumor cell genomic alterations can now be evaluated by genotyping circulating cell free DNA (cfDNA). Incorporating cfDNA sequencing for patient selection and for subsequent monitoring of response to targeted drug administration can expedite patient molecular stratification and enhance our understanding of clonal changes after targeted therapy. This article demonstrates the feasibility of this approach in the context of developmental therapeutics in oncology. Furthermore, it appears that serial cfDNA sample sequencing can generate important data in populations treated on Phase I trial of targeted therapies. This biomarker has potential clinical utility to monitor the delivery of targeted therapies.
Introduction
Next generation sequencing (NGS) is becoming a key tool for molecular screening programs in anticancer drug development (1) . The identification of patients with oncogenic driver mutations provides the opportunity to use the genomic information of individual tumors to guide the selection of rational therapeutics in an attempt to improve the outcome of patients with advanced cancers (2) . The discovery of genomic aberrations like BRAF mutations and ALK rearrangements, and the subsequent accelerated development of vemurafenib or crizotinib for that targeted patient population, is an example of such a successful biomarker-driven drug development (3, 4) .
However, the known spatial and temporal heterogeneity of tumors transforms such analyses into a much more complex challenge (5) (6) (7) . Moreover, patients participating in early phase clinical trials form a highly heterogeneous cohort comprising a mixture of tumor types, prior treatment exposure, and the presence of multiple sites of disease that may each be molecularly heterogeneous. Thus, the validity of utilizing molecular characterization studies of archival tumor tissue acquired at diagnosis, often several years before, is questionable. In addition, the analysis of one tumor lesion may not provide sufficient information on this heterogeneity, but serial biopsies and sampling multiple lesions remain impractical.
Recent technological advances have delivered on the potential of circulating DNA (cfDNA) genotyping for the molecular characterization of tumors (8) . Proof-of-concept studies have also shown that sequencing cfDNA can reveal important information on tumor-related genetic and epigenetic alterations relevant to oncogenesis and cancer progression (9, 10) , tumor heterogeneity (11, 12) and mechanisms of response and resistance to therapy for a given patient (13, 14) . In most of the reported studies, only a few mutations or genomic rearrangements have been interrogated and tracked (15) , usually in selected tumor types, while published exome sequencing studies require high levels of cfDNA with high tumor DNA content and therefore may not be applicable to unselected populations (13) .
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Incorporating cfDNA next generation sequencing for patient selection can expedite patient molecular stratification and has the potential of circumventing the ethical and safety concerns associated with repeated fresh biopsies which may be very different to archival tumor samples acquired at diagnosis. In addition, similar to BCR-ABL monitoring in chronic myeloid leukemia (CML), the concept of tracking clonal or subclonal evolution can also be implemented in solid tumors, by serially tracking identified genomic alterations in cfDNA that are deemed relevant to the targeted treatment/s administered, while studying disease clonal evolution and potentially identifying emerging mechanisms of resistance. We therefore proceeded to evaluate the clinical utility of cfDNA by sequencing 159 serial plasma cfDNA samples obtained from 39 patients receiving targeted therapies on early phase clinical trials.
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Material and Methods
Patients and sample collection
Tumor biopsies and plasma samples were prospectively collected from patients starting a Phase I clinical trial referred to the Drug Development Unit at the Royal Marsden hospital. These patients all had late stage metastatic solid tumors and had no available active anticancer treatment options. All provided informed consent for serial tumor and blood molecular characterization, utilizing a protocol that was approved by relevant regulatory and independent ethics committees. Twenty milliliters of blood was collected weekly during the first month, and monthly until disease progression in CPT tubes (BD, Oxford, UK); plasma was extracted and frozen within two hours. Formalin-fixed, paraffin embedded (FFPE) blocks or fresh tissue of diagnostic tumor tissue were obtained and reviewed by a pathologist to confirm diagnosis and tumor content. Macrodissection was performed on FFPE tumor tissue to enrich the tumor content to greater than 70%. Tumor DNA was first sequenced utilizing the MiSeq platform (Illumina); this sequencing impacted patient allocation to Phase I trials through tumor molecular stratification. Subsequently, patients with at least one mutation identified in their tumor by MiSeq analyses and who had completed at least 2 courses of investigational drug administration were selected. Matched patient tumor and multiple serial plasma samples from these selected patients were then sequenced on the PGM Ion Torrent platform (Life Technologies); we had previously shown that the MiSeq and PGM sequencing platforms provided highly concordant results in a range of solid tumors (1) .
DNA Extraction and Quantification
FFPE or fresh tissue DNA was extracted using the FFPE Tissue DNA kit (Qiagen) and circulating plasma DNA was extracted from 2ml of plasma using the SnoMag TM Circulating DNA kit (Snova Biotechnologies) according to the manufacturer's protocols. Buccal swab DNA was extracted, when necessary, using the QiaAmp DNA kit (Qiagen). The eluted DNA was quantified using the Quant-iT high sensitivity Picogreen double stranded DNA (dsDNA) Assay Kit (Invitrogen, CA, USA), according to the 7 manufacturer's recommendations. The concentration of cfDNA per milliliter of plasma at each timepoint analyzed was calculated. Chip v2. A maximum of 16 libraries were pooled to achieve at least 500X coverage per target amplicon.
Sequencing assay
Inter-run and Intra-run Assay Reproducibility for cfDNA sequencing
Inter-run assay reproducibility was assessed by repeating the sequencing of 3 libraries prepared from 3 plasma DNA samples extracted from 3 different patients with 3 different tumor types (colon, bladder and breast cancers), across 2 independent multiplexed sequencing runs. To test intra-run assay reproducibility, libraries prepared from the same patient plasma DNA sample, indexed with 3 different barcodes, were multiplexed and sequenced on the same IonChip to compare the allele frequency.
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Digital Polymerase Chain Reaction (ddPCR)
To validate cfDNA mutations ddPCR was performed on a QX100 droplet digital PCR system (Bio-Rad) 
Sequencing Data Analysis and variant calling
FASTQs were aligned to the human genome (hg19) and point mutations were identified with the Torrent Suite Software v3.0 and the Ion Torrent Variant Caller v4.0 Plugin using the somatic high stringency parameters and the targeted and hotspot pipelines. A 5% Allele Frequency (AF) threshold and 500X minimum coverage was set to report de novo mutations while 1% AF was selected to monitor previously identified and validated mutations during treatment (16) . All the variants identified were established by visualizing the data through IGV 2.3 (Broad Institute). 
Results
Patients and tumors analyzed
Between December 2012 and November 2013, 39 patients out of 84 screened fulfilled the study criteria.
The main reasons for the exclusion of patients are shown in Supplementary Data 2. Patient demographics and treatment details are shown in Table 1 . Briefly, the median age was 60 years and the most common tumor types were colorectal, ovarian and breast cancers. ECOG performance 
Identification of cfDNA genomic alterations in plasma
A total of 159 plasma samples were sequenced from 39 patients. The mean sequencing coverage across the experiments was 1,685X. Plasma sequencing of baseline samples identified 44 different mutations in 23 patients (59%) ( Table 3) . By sequencing plasma samples at later time points, 4 additional patients were identified as having cfDNA mutations resulting in cfDNA mutations being detected in 27 of 39 (69%) patients. TP53, PIK3CA and KRAS were the commonest mutated genes identified in plasma, with 18 (42%), 9 (21%) and 8 (16%) different mutations, respectively. The median number of mutations detected in cfDNA was 2 (range 1-5) and the mean detected mutation allele frequency (AF) was 15% (range 1-60%). Overall, all cfDNA mutations had been previously identified in In 4 patients, although not identified in cfDNA at C1D1 and despite good coverage of the genes of interest, 4 mutations detected in tumor tissue were identified in plasma cfDNA later during the course of their disease: one PIK3CA E545K mutation (AF, 5%) in a patient with breast cancer; one PTEN L70fs*4 mutation (AF, 10.6%) in a patient with ovarian cancer; and one TP53 P190L mutation (AF, 7%) in a patient with endometrial cancer. Interestingly, despite coverage of 2,238X, a BRAF V600E mutation was not identifed at the initial time point in a patient with BRAF V600E mutated melanoma who had discontinued vemurafenib for progression immediately before study entry. The patient received a RAF/MEK inhibitor in a Phase I trial, progressing after 2 cycles of treatment, with cfDNA sequenced at study progression confirming a BRAF V600E mutation at an AF of 5%.
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Clinical factors associated with the detection of mutations in cfDNA
The mean cfDNA concentration at C1D1 was higher for patients with a cfDNA mutation identified compared to those without a mutation detected: 26.4ng/ml versus 9ng/ml (p<0.05). However, oncogenic mutations were identified in the plasma of 4 patients having a cfDNA concentration as low as 5ng/ml of plasma. Patients with colon/breast cancer or with lung or liver metastasis were more likely to have plasma cfDNA mutations detected.
Longitudinal monitoring of somatic genomic alterations in plasma cfDNA during targeted therapy
We performed serial monitoring of the detected genomic alterations in 159 different plasma samples from 39 patients. Critically, the intra and inter-run variability of the NGS assay in a sample was less than
12.5% (Supplementary 5).
All the serial plasma samples of patients without cfDNA mutation identified at the beginning of treatment were also sequenced to track the potential emergence of mutations. For the 23 patients with identified cfDNA mutations at C1D1, the subsequent monitoring of mutation AF in consecutive plasma samples identified changes in AF in keeping the selective pressure generated by the targeted drug administration (Figure 1, 2 , and Supplementary Data 6). Mutation analysis was utilized to match each patient to trial drugs targeting the identified genomic aberrations when possible; 13/23 patients with plasma cfDNA mutations had a targeted drug administered matching their detected profile. These were classified as "AF decrease" or "AF increase". A 76-year-old female patient with advanced colorectal adenocarcinoma had KRAS (G12V), TP53 (R248Q and R158fs*) and APC (A1492fs*) mutations in tumor tissue that were identified concurrently in cfDNA with an AF of 19.9, 9, 16, 15.5%respectively. She was allocated to a trial involving a combination 13 of a PI3K inhibitor and MEK inhibitor. After 63 days of targeted drug administration, the AF of plasma cfDNA mutations fell to very low levels (4.1, 2, 1.3, 2% respectively) suggesting a clonal regression.
Concurrent CT scan evaluation showed stable disease that was maintained for 119 days. At progression by CT scans, AF frequency in plasma increased to 18, 5.8, 9 and 10%respectively. After discontinuation of the trial drugs, the cfDNA mutation AF increased rapidly to 21.6, 55.7, 26.7 and 56.3%, respectively.
Patient #18
A 53-year-old patient with advanced penile cancer had a PIK3CA E545K mutation with an AF of 9.1% in tumor biopsy DNA. He was allocated to a trial of a PI3K inhibitor; after 40 days of treatment, this cfDNA PIK3CA E545K mutation decreased from 4.9% to 1% levels. Concurrently, his initial post-treatment CT scan showed stable disease by RECIST, but CT performed at day 75 showed cavitation of lung metastasis and a slightly less prominent lung metastasis, suggesting responding disease (Figure 2A ). At day 68 however, the PIK3CA E545K mutation AF increased to 8.7% and the patient progressed radiologically at day 131. After PI3K inhibitor discontinuation, the plasma PIK3CA E545K AF rapidly increased to 18.6%, despite the administration of a TOR kinase inhibitor.
Patient #23
A 40-year-old female patient with KRAS (G12V) mutated colorectal cancer was treated with combined MEK and IGF1-R inhibition. The mutation was detectable in plasma at an AF level of 4.4% at initiation of treatment, but became undetectable after 28 days of therapy. She discontinued study after 139 days of treatment due to drug toxicity without any reappearance of the KRAS mutation in plasma. 
Patient # 39
A 38-year-old female patient with clear cell ovarian cancer had PIK3CA (N345K) and CCTNB1 (S33C) mutations identified in tumor tissue. She received an AKT inhibitor; the PIK3CA mutation detected in plasma dropped from 7.8% to 3.1% after 45 days of treatment when CT scan revealed stable disease.
After 66 days of AKT inhibition, the PIK3CA mutation became undetectable in plasma and the patient was still on trial 87 days after starting treatment with ongoing stable disease. A 67-year-old male patient with PIK3CA, FBXW7 and TP53 mutated colorectal cancer received a PI3K inhibitor within a phase I trial. The three mutations were identified in cfDNA and showed the same pattern of clonal evolution with an increasing AF from 58 to 72%, 46 to 60%, and 43 to 58% for the PIK3CA, FBXW7 and TP53 mutations, respectively, after 42 days of PI3K inhibition. The patient discontinued trial treatment shortly after for disease progression.
Patient #29(Figure 1B)
A 58-year-old patient with TP53 mutated breast cancer received a TORC1/2 inhibitor. At initiation of treatment, the mutation was at 6.5% and subsequently, the mutation increased to 37% at disease progression, leading to treatment discontinuation. 
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N1044S and KRAS G12S mutations with PIK3CA and KRAS mutation being detected in plasma samples. She received a PI3K inhibitor and the cfDNA PIK3CA mutation decreased from 9.1% to undetectable levels after 76 days of therapy. Concurrently, the CT scan showed an increase in her right pleural effusion, and worsening pericardial effusion and ascites. The patient discontinued trial treatment and died shortly afterwards.
The second patient (Patient #16) had metastatic colorectal cancer with bone metastases and KRAS G12D, PIK3CA Q546R and TP53 G244D mutations were detected in tumor tissue; all were also identified in cfDNA. After administration of a RAF/MEK inhibitor for 29 days, an early MRI evaluation undertaken due to worsening symptoms of pain demonstrated an increase in the extent of epidural disease at T11 with cord impingement and progression of right femoral neck disease with suspicion of an incomplete pathological fracture. The patient thus discontinued trial therapy for disease progression.
At this point, the monitoring of his plasma cfDNA mutations showed declining KRAS G12D AF, which decreased from 34.1% to 21.7 %; the PIK3CA Q546R also decreased from 41.3% to 19.5% and the TP53 G244D from 45.4 to 16.7%, with his CEA tumor marker also decreasing from 124 at C1D1 to 82 at C2D1 despite clinical disease progression.
Potential clonal evolution evidence by serial monitoring of multiple mutations within a sample
This assay permitted the multiplexed monitoring of several mutations concurrently in a single reaction.
Multiple mutations were identified in 10 patients; these generally showed similar trends in serial plasma samples. However, in some cases, we observed discordant mutation AF changes during the course of targeted drug administration, suggesting disparate clonal evolution of more than one clone (Figure 2) . 
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The monitoring of total cfDNA concentration during therapies did not show a clear correlation of cfDNA dynamics and response to treatment (cfDNA concentrations are also depicted on the right side of AF frequency graphs).
For the 23 patients with identified cfDNA mutations at C1D1, we correlated the mutation AF changes after C2D1 with time to progression by RECIST assessment. These patients could be classified into two separate groups, as defined by cfDNA mutation AF changes: Group A with a decreasing mutation AF after C2D1 of more than 30% compared to baseline (n=9) and Group B for the remaining patients 3ng of cfDNA. This approach allows potentially a rapid and cost effective molecular characterization from contemporaneous disease. These cfDNA assays can therefore have major clinical utility, as supported by the recent positive opinion of the European Medicines Agency (EMA) on the use of cfDNA for the assessment of EGFR mutation status for gefitinib administration, a landmark decision for cfDNA studies (22). Further evaluation of these findings in this pilot study in larger, and preferably randomized trials, addressing the importance of these cfDNA allele frequency dynamics are now urgently required to determine the utility of these assays as predictive and response biomarkers. These studies should also attempt to address the issue of whether different mutations arise from geographically separate metastases, by acquiring multiple fresh biopsies at the same time as cfDNA and whether different mutations can be shed into blood at different rates.
Utilizing cfDNA as a multi-purpose biomarker for drug development requires analytic validation and clinical qualification. Our studies are a critically important part of this process; we have shown impressive sensitivity for cfDNA mutation detection that is platform dependent. The ddPCR assay detects mutations in cfDNA with frequencies as low as 0.01% (8) . However, this platform mandates a priori knowledge of the exact genomic aberrations to be investigated. Utilizing next generation sequencing, we have identified tumor mutations in circulating cfDNA in 69% of unselected patients with advanced cancers. These results are consistent with a recent study using the same platform (23). The specificity of this assay is key and has been described for tumor tissue with this panel and platform (16); our data confirm the robustness of this assay.
Our studies pursued a pragmatic targeted approach that utilized a relatively inexpensive assay to generate rapid results for patients. Whole genome characterization can provide more data and is likely to become more feasible with improved bioinformatics pipelines, but for cfDNA analyses may be limited by the tumor:normal cfDNA ratio as recently demonstrated in selected patients with high cfDNA (13 Whole genome analyses may, however, support the detection of key rearrangements and copy-number changes (20, 24). This, however, currently demands protracted and complex bioinformatic analyses and no consensus on the optimal bioinformatic strategies for such analyses are currently available.
Validated software suites are urgently needed to harmonize such studies since different methodological approaches can impact data interpretation. Conversely, we have utilized simple and ready-to-use algorithms for data analyses with results available within 7 days of cfDNA sample acquisition. We now postulate that the pursuit of this strategy can generate vital information on actionable genomic aberrations in early clinical trials.
The monitoring of tumor response to targeted drugs is critical to anticancer drug development; we demonstrate that cfDNA analyses can generate critically important quantitative and qualitative data that can supplement imaging data acquired by CT scan and also elucidate the impact of tumor heterogeneity on drug response. To date, few studies have investigated if cfDNA can be used to evaluate treatment responses (15, (25) (26) (27) (28) ; almost all involve very small cohorts or chemotherapy-based treatment. We show in 23 patients, receiving various targeted drugs on our Phase I clinical trials program, that serial cfDNA sample sequencing may generate important data on disease clone response to therapy. For example, in patient #39, the disappearance in cfDNA of the PIK3CA mutation following AKT inhibition and of the PIK3CA mutation with a small molecule PI3K inhibitor (patient #18) suggest that these drugs are impacting sensitive clones in these patients. For patient #1, combined p110α and MEK inhibition led to the nearly disappearance of cfDNA KRAS, APC and TP53 mutations. For these last 2 patients, these cfDNA "responses" were associated with radiologically stable disease with increases in the AF of these mutations emerging at radiological progression. Our data also indicate that post-treatment changes in AF may be prognostic. Drug development in oncology remains resource intensive, with a continuing high failure rate despite robust clinical data. Moreover, despite seemingly appropriate patient selection, most drugs result in very limited radiologically detectable antitumor activity when administered as single agents. Our studies suggest that imaging studies do not provide the whole story; we show that mutation AF decrease in plasma can be associated with disease progression by conventional imaging. These observations raise the possibility that the clearance of sensitive clone/s in patients without an imaged response may be deriving benefit from the drug undergoing evaluation. Such data may be vital for the optimal future development of such agents in drug combinations and understanding drug resistance. Conversely, the fact that most major mutations were concordant between archival tumor tissue and cfDNA, with a median time between acquisition of the two samples of 260 days [Range: 0-1627], indicates stable 'truncal' mutations during the course of these diseases.
Overall, therefore, cfDNA monitoring does allow the study of tumor clone dynamics as seen in patient #13 on our study; this breast cancer patient had 2 different TP53 mutations identified in tumor tissue and cfDNA. During the course of treatment, the TP53 R175H AF increased 10-fold, while the TP53 D281H remained unchanged in cfDNA. These data were associated with radiological findings suggesting a mixed response on CT scan with some progressing lesions, while others remained stable for more than 150 days of follow-up. These studies indicate that serial plasma ctDNA monitoring will provide critical important molecular information on such mixed radiological responses that can guide patient treatment and help us understand disease biology. Moreover, our studies have identified different scenarios. In some patients, after the disappearance of previously identified cfDNA mutations with treatment, mutations returned at radiological progression. In other patients, the 'cleared' mutation remained undetectable at disease progression. Critically, AF increased rapidly in some patients on targeted drug cessation, supporting the hypothesis that this therapeutic pressure was inhibiting specific clones despite disease progression, supporting the continued administration of such drugs (29). It is 
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apparent that such cfDNA studies will provide us with greater insights into the study of tumor clone suppression.
Conclusion
Tumor cell genomic alterations can now be evaluated by sequencing cfDNA. This biomarker has important clinical utility for the delivery of more precise cancer therapy through the study of tumor cell clonal dynamics in early phase clinical trials. Our data support the further investigation of undertaking next generation sequencing in cfDNA as a prognostic, predictive and response biomarker. 12,3 ng/ml 62 ng/ml 88 ng/ml 56,2 ng/ml 12,5 ng/ml 3,7 ng/ml 2,7 ng/ml 48,9 ng/ml 13,4 ng/ml 5,8 ng/ml 4,6 ng/ml 105 ng/ml 6,3 ng/ml 5 ng/ml 13,8 ng/ml 6,7 ng/ml 4,9 ng/ml 2,9 ng/ml 5,6 ng/ml 4,7 ng/ml 109 ng/ml 5,9 ng/ml 2,8 ng/ml 10 ng/ml 23,1 ng/ml 13,4 ng/ml 23 ng/ml 5,4 ng/ml 6,1 ng/ml 6,9 ng/ml 4,9 ng/ml 4,2 ng/ml 5 ng/ml 5,7 ng/ml 6,4 ng/ml 31 ng/ml 10 ng/ml 10,6 ng/ml 4,2 ng/ml 
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